There is a gradual shift in emphasis from periodic inspection with detachable transducers (NDT) to permanently installed monitoring systems giving information about the structural integrity at preprogrammed intervals or on demand (SHM). The drivers of this change are discussed, together with the requirements of successful SHM systems. Particular issues are that NDT often involves scanning and this is not possible with typical SHM configurations; it therefore becomes important to cover a significant area of structure from each transducer position. Guided waves provide a possible solution to this problem and permanently installed guided wave pipe inspection systems are now available. The sensitivity obtained with a permanently installed system is significantly better than that in a one-off test as baseline subtraction can be employed. However, this is far from trivial as it is necessary to compensate for benign changes such as temperature. The guided wave technique does not provide accurate remaining thickness information and is best complemented by point measurements at selected locations. Another issue is that the SHM transducers must survive in operational conditions, which is particularly difficult at high temperatures. Recent work at Imperial College and associated spin-out companies on solutions to these problems is discussed.
Introduction
There is increasing interest in replacing traditional non-destructive testing (NDT) with structural health monitoring (SHM). This is driven by a variety of factors, notably the desire to: monitor problem areas continuously during operation, rather than periodically off-load; avoid the costs of repeated access involving stripping insulation, scaffolding etc; improve the reliability of information by ensuring that transducers are at exactly the same place in each measurement and remove coupling variability.
The move to SHM is facilitated by the trend to reduced cost of transducers and, particularly, electronics, as well as improvements in communications, for example cheap wireless systems. However there are significant difficulties to be overcome before SHM can be applied widely, notably:
NDT often involves scanning over the area to be inspected; if an SHM system is to use a reasonable number of sensors, each one must cover a larger area than is typical in NDT; the system must give repeatable results in the absence of damage and so avoid excessive false calls; NDT is often done when the plant is off line; in SHM the transducers and associated electronics must survive the extremes of operating conditions. Ultrasonic guided waves provide a potential means of obtaining large area coverage from a modest number of transducer locations and there has been a great deal of work in this area, as discussed below. However, there are significant problems with obtaining stable results on an undamaged structure so that changes in signals can reliably be interpreted as damage. One major cause of this is temperature variations so it is necessary to compensate for these. Guided waves do not provide accurate thickness or crack depth information and it is attractive to complement this 100% volume screening technology with an accurate, local measurement.
Many critical structures, e.g. reactors in chemical plants and boilers in power stations, operate at high temperatures and conventional ultrasonic and other transducers are not designed to function above around 200-250 0 C. If SHM is to be applied on these structures it is therefore necessary to design new transduction systems. This paper describes recent work at Imperial College and associated spin-out companies Guided Ultrasonics Ltd [1] and Permasense Ltd [2] on permanently installed guided wave systems and high temperature thickness monitoring with wireless data transmission respectively.
Permanently Installed Guided Wave Monitoring (gPIMS)
Ultrasonic guided waves are routinely used to inspect pipelines in the petrochemical industry, and are increasingly used in the power sector as well. The main advantage of this technique is the ability to screen many metres of pipe from a single transduction location; this results in substantial time and cost savings, particularly in cases where most of the pipeline to be inspected is not directly accessible, e.g. under insulation. However, for a pipe that is buried, submerged or requires scaffolding for access, it may still prove very difficult and expensive to gain access to even a single location along it; in these circumstances, if regular inspection is required it becomes very attractive to permanently attach a sensor, called gPIMS, to the pipeline. The sensor can then be remotely operated from a convenient location and there is no need to access the pipe after sensor installation unless damage develops. The sensor works by exciting torsional waves that propagate along the pipe and detecting reflections from defects and other features. Importantly, gPIMS allows highly accurate repeat measurements which enable the use of baseline subtraction techniques to track changes in the signal received by the sensor and thus ultimately changes in the structural condition of the pipe.
The Guided Ultrasonics Ltd gPIMS ® system comprises a ring of transducers that is bonded to the pipe, while a cable connects the ring to a connection box positioned at a convenient location. The ring and an installation at a road crossing are shown in Fig 1. gPIMS ® systems have been deployed since 2006 and to date around 400 have been installed worldwide. (The system shown in Fig 1 is the current, pre-moulded unit; previously the standard gPIMS ® installation involved bonding the transducer assembly with associated wiring to the pipe, clamping a polyurethane mould around it and then pumping encapsulant into the mould. This gave a fully sealed unit, but the site moulding was inconvenient and the unmoulded transducer assembly was relatively delicate so care on site was required.) In the new system of Fig 1, the small region around the clamp is the only area that needs to be sealed on site and this is achieved by squeezing a small amount of encapsulant into a simple moulding.
Fig 2a shows signals taken in three successive years from an installation on a North Sea riser. It is clear that the readings are highly reproducible, suggesting that greater sensitivity might be obtained by employing baseline subtraction. This section discusses the application of baseline subtraction, and presents methods to address the challenge of compensating for signal changes due to effects other than the growth of damage. obtained, the sea level being about 15m below the gPIMS ® ; (b) processed result -the yellow trace is the reflection coefficient calculated from the 2010 reading using the DAC curves while the black trace is the difference between the current and baseline readings. The signal to noise is excellent in the range from -8 to -80m. The gPIMS ® is installed between the flange and a welded sleeve cap, and the level of the black trace rises in the near field as a result of reverberations between them that change subtly with time.
Baseline Subtraction
Ultrasonic guided wave inspection works by detecting the reflection from any discontinuity in a given structure. This approach assumes that each echo in the recorded signal is distinct from all others and is free from interference and coherent noise. In the case of pipelines it is typically very effective due to the one-dimensional nature of these structures and their relatively low feature density. However, effectiveness is lost in the case of pipelines with relatively high feature densities because the echoes from different features overlap and interfere with each other. Furthermore, the sensitivity of ultrasonic guided wave inspection to small discontinuities is limited, since it is necessary for a discontinuity to reflect a wave packet of greater magnitude than the underlying noise floor for it to be detectable. Because the interaction between different feature reflections tends to increase the noise floor level, the damage detection capability of ultrasonic guided wave inspection is further impaired when dealing with feature-rich pipelines. These limitations can be overcome through the use of baseline subtraction [3] [4] [5] .
Baseline subtraction is based on the analysis of the residual signal which is obtained by subtracting the baseline signal from the current signal. The baseline signal is recorded when the structure under consideration is in a known condition, and therefore the signal left after subtraction should only include information about damage growth since the baseline was recorded [5] . Importantly, this removes the need to interpret and separate in time the reflections from different features, as only damage information is shown. Baseline subtraction assumes that the reflections from features remain constant over time unless further damage develops. In practice, however, factors other than the initiation and growth of damage influence feature reflections [4] [5] [6] [7] . In the case of pipelines the contents have a significant influence on the baseline component of signals as they determine the operating temperature of the pipeline as well as the level of attenuation experienced by propagating guided waves. Furthermore, changes in the density of the contents can affect the loading on pipeline supports, resulting in non-trivial variations in the generated feature reflections. Changes in support reflections can also prove particularly problematic. Because supports can act as high-pass filters for incident guided wave packets [8] , a change in the reflection from a support can be accompanied by a significant change in the frequency content of the wave packet that propagates past the support and towards other features, and this can result in significant changes in the reflection from the features located past the support.
Under realistic operating conditions, factors such as temperature and loading variations are just as strong a source of deviations from the baseline signal as actual damage initiation and growth [4] . Consequently, for the baseline subtraction approach to work, there is a need to implement smart baseline subtraction methods that compensate for changes in the baseline due to known, harmless factors so that the signal left after baseline subtraction is truly representative of information on damage initiation and growth. A number of methods are proposed here to compensate for harmless changes in reflections.
Optimal Baseline Subtraction (OBS)
Optimal baseline subtraction seeks to minimize the impact of harmless changes in reflections by using a pool of baseline signals which are collected in a variety of operating conditions encompassing all the typical ones of the structure that is being monitored [7] . Once a new reading is collected, the optimal baseline within the pool is chosen to be the one that minimizes the RMS value of the residual signal [9] . In this way, the magnitude of the non-damage related residual signal is reduced by minimizing the difference in the structure operating conditions between the baseline signal and the current signal.
Baseline Signal Stretch (BSS)
Variations in the temperature of a solid structure influence its dimensions and the velocity at which stress waves propagate along it. Consequently, the arrival time of guided wave packets generated at a given location will also depend on the temperature of the structure. This effect is detrimental to the performance of the baseline subtraction approach, as packets reflected by the same feature can show phase differences across readings and therefore will not cancel out during the subtraction process. Furthermore, large environmentally exposed structures such as pipelines are often characterized by temperature gradients along their length caused by factors such as the heating or cooling of the contents, discontinuities in coatings and insulation, entrances into ground and walls, and varying exposure to the sun. The temperature difference between two locations along a pipeline can reach several degrees, resulting in non-uniform changes to wave packet arrival time; this effect has to be compensated for to increase the chances of a successful baseline subtraction approach. The proposed method to compensate for localized as well as global temperature variations involves a multi-step stretch procedure. In the first step, baseline stretch is applied to compensate for global temperature variations of the pipeline, as detailed by other authors [7] . Baseline stretch is then re-applied but considering, rather than the entire signals, successive gated portions of signal. The gates are chosen to divide the signal into a number of overlapping regions of length equal to several times the length of the excited wave packet; for each gate the baseline stretch factor is then calculated by minimizing the residual signal RMS.
Attenuation Match (AM)
Distance-Amplitude Correction (DAC) curves are typically used to account for attenuation along the pipeline. The amplitude of the DAC curve is representative of the amplitude of the incident signal at any given location. Because of damping as well as feature reflections the amplitude of the incident signal decreases with distance. The level of attenuation and thus the shape of the DAC for a given pipeline is influenced by factors such as operating temperature, pipeline contents, level of generalised corrosion, and others. Because of this, the amplitude of reflected wave packets may vary considerably across mutiple readings, resulting in large residuals when performing baseline subtraction.
In principle it is possible to compensate for attenuation changes in the time domain by normalizing each reading by the amplitude of the incident signal, which is given by the DAC curve. In this way a reflection coefficient between 0% and 100% is defined at all locations. Residuals are then calculated by subtracting reflection coefficients. This approach relies on the hypothesis that the DAC curve is known for all readings under consideration, which is not generally true. However, for successful baseline subtraction only the relative DAC between the two readings under consideration is actually needed. It is proposed here that the relative DAC can be iteratively reconstructed and is given by the DAC curve that, once multiplied by the baseline signal, minimizes the residual signal after baseline subtraction. The obtained relative DAC will also give quantitative information about variations in signal attenuation between the baseline and current reading. Away from the near field that is affected by reverberations, the residual level is very small, indicating that relatively small levels of damage would be detectable. Even at the welds, the residual is less than 2%, while in between features it is less than 1%.
Baseline Subtraction Performance
Permanently installed sensors have been deployed at multiple sites worldwide. For each sensor, a baseline subtraction analysis has been carried out using OBS, BSS and AM. The aim is to evaluate the potential improvement in damage detection sensitivity that can be obtained through the use of baseline subtraction as opposed to the analysis of each individual test by the gPIMS sensor. For single tests, sensitivity is defined in between features since it is a measure of the smallest echo that can reliably be detected, and is set at 6 dB above the noise floor. In the case of baseline subtraction, the sensitivity is set at 6 dB above the average residual signal value, as this gives an indication of the minimum residual signal variation that damage has to produce in order for it to be reliably detected. Fig 3 shows the gPIMS baseline subtraction sensitivity for a set of 18 sensor installations where multiple data sets were available, compared to single test sensitivity. The slope of the linear fit indicates that an average sensitivity improvement of 7dB can be achieved with baseline subtraction. Fig 3 shows the improvement at locations remote from features; at features such as welds, the improvement in sensitivity obtained by baseline subtraction is much greater than this.
Automatic Damage Detection
An experiment designed to investigate the damage detection capabilities of gPIMS sensors has been performed at the Guided Ultrasonics Ltd. development office. The setup, presented in Fig  4, consists of a 6m long carbon steel pipe with an external diameter of 219mm and a wall thickness of 8mm (NPS 8, Schedule 40). The pipe is wrapped in thermal insulation and its temperature is computer-controlled via a heating element (coaxially located inside the pipe) and seven thermocouples attached in various locations. A gPIMS sensor is located on the pipe at 2m from one end and 4m from the other. After sensor installation the pipe was cyclically heated to 90°C, held to dwell at 90°C for a period of time, and then allowed to cool down to 30°C. Readings were taken from the sensor at regular time intervals during the cooling phase, as the temperature gradients along the pipe in the heating up phase were deemed unrealistically large. Readings taken during the first six cycles constitute the baselines. A 1mm diameter, 4mm deep hole was then drilled in the pipe at 2.3m from the sensor, and its diameter was gradually increased in 1 mm steps from 1 mm to 7 mm in successive cycles, as detailed in Fig  5 . It therefore appears that it is not possible to reliably detect the presence of damage by analyzing a single residual signal. However, it is proposed here that through frequent data collection and statistical analysis it becomes possible to detect and isolate actual damage growth from other residual signal variations that are of similar or larger magnitude than the damage reflection itself.
An algorithm has been developed to track residual signal changes over time and automatically flag regions of actual damage growth. The principle behind the algorithm is that residual signal changes due to damage growth have an underlying monotonically growing trend as a function of time, and that changes due to fluctuations in environmental conditions often exhibit an intermittent behaviour as a function of time.
In the case of petrochemical pipelines and gPIMS, changes in environmental conditions can manifest themselves in four ways. Firstly, the arrival time of wave packets changes as a function of pipeline temperature [5, 7] ; as discussed above, this effect can be adequately compensated for using OBS and BSS. Secondly, signal attenuation along the pipeline can vary as a function of pipeline contents, pipeline temperature (as coatings can become harder or softer, thereby changing the amount of ultrasonic energy leaking away from the pipe), generalized corrosion growth, internal deposits, etc.; the attenuation compensation method discussed above can be used to account for and quantify variations in attenuation, and therefore it is possible to assume that these variations can also be adequately compensated for. Thirdly, echoes from certain features along a pipeline can vary as a function of environmental and operating temperature, as well as density of contents and therefore pipeline weight. This effect is most significant with supports and clamps that can exhibit changes in the way they interact with the pipeline. For example, because of differential thermal expansion a clamp might tighten or loosen itself, therefore changing the contact stiffness at the interface with the pipe and the amplitude of guided wave reflection produced. Although this issue can be mitigated by only looking at high frequency signals [8] , it is nevertheless difficult to compensate for; importantly, this is a typical example of an intermittent change in environmental conditions. Finally, changes in environmental conditions can manifest themselves as changes in coherent noise. Typically, most of the noise in ultrasonic guided wave signals is coherent. In the case of gPIMS, coherent noise is primarily caused by minor imbalances in transducer coupling around the pipe circumference as well as by minor sensor misalignments. Ideally, because coherent noise is generated by the sensor it should cancel out during baseline subtraction under the assumption that the sensor behaviour is stable with time.
In practice however sensor behaviour changes with time as a result of various factors, including adhesive creep and differential thermal expansion, and thus pipeline temperature.
Some changes in environmental conditions, such as support reflection variations, tend to occur on a small time-scale, and the resulting changes in the residual time trace appear and disappear as further readings are taken from the sensor. Other changes, particularly those induced by long-term environmental effects such as adhesive creep, will occur on a large time-scale and will manifest themselves as a gradual and generalized residual signal increase over time, resulting from the gradual variation in the amplitude and nature of coherent noise transmitted by the sensor. Growth of damage can occur over either a long or short time-scale; however, unlike small time-scale behaviour changes, a change in residual signal following damage growth will be monotonically growing as a function of time, independently of how quickly damage develops. It should be stressed that damage must grow at a faster rate than the longterm drift of the residual signal in undamaged areas for it to be detectable.
The strategy adopted with the proposed automatic detection algorithm involves an initial filtering of any high frequency residual variation over time to remove small time-scale changes in environmental conditions, such as support reflection variations. Successively, the algorithm attempts to quantify the magnitude of long-term environmental changes by analyzing the average variation of residual signal magnitude as a function of time, on the assumption that, for a given baseline signal, long-term environmental effects will produce a gradual increase in the amplitude of coherent noise left in the residual signal after baseline subtraction. The algorithm will then flag as damage regions in the residual signal for which the increase in residual signal magnitude over time is significantly higher than average. therefore showing a sensitivity to 0.25% reflectors (-52dB). Importantly, because most of the noise in a guided wave signal is coherent, through the use of this algorithm it become possible to achieve a damage sensitivity below the noise floor level of a single residual signal.
Conclusions on Guided Wave PIMS
A number of methods were proposed to address the challenge of compensating guided wave structural health monitoring signals from pipelines for signal changes due to effects other than the growth of damage. It was shown that the use of baseline subtraction can potentially lead to an average 7 dB increase in sensitivity over conventional guided wave inspection. This improvement was achieved by comparing a single 'current' reading with the baseline; it was then shown that through frequent data collection and the use of statistical analysis it becomes possible to achieve substantial further sensitivity improvements.
High Temperature Transduction
It is very desirable to be able to monitor structures such as boilers, reaction vessels and their associated pipework at their operating temperatures. This would, for example, enable erosion/corrosion rates to be monitored as chemical feedstock changes. It would also enable a plant in which a sub-critical crack is found during maintenance at a shutdown to be put back into service with crack growth being monitored so that the plant can be shut down if the crack growth becomes critical. The current practice would be to extend the shutdown while a replacement is ordered and fitted which can take several weeks, whereas the monitoring strategy allows the replacement to be in place for the next scheduled outage. The development of high temperature thickness monitoring is discussed here, but the same concept is now being applied to crack monitoring.
Ultrasonic thickness gauging is the most commonly used nondestructive testing technique for wall thickness measurements. However, current conventional ultrasonic transducers cannot withstand high temperatures (greater than around 250 0 C). One of the main reasons why conventional piezoelectric ultrasonic transducers cannot be used at high temperatures is because the piezoceramic becomes depolarised at temperature above the Curie temperature and because differential thermal expansion of the substrate, bonding layer and piezoelectric material causes failure. The development of piezo materials that can sustain high temperatures and other harsh environments such as high radiation levels is being carried out by many researchers [see, eg, 10-11]. Kazys et al. [12] reported the development of a high temperature ultrasonic sensor for immersion in liquid Pb/Bi metal up to temperatures of 450 0 C. They reported serious difficulties in finding a suitable joining method for the individual transducer components and developed sophisticated methods to overcome these problems. Un-cooled EMATs working at high temperatures have also recently been reported [13] . While there are also other very expensive techniques such as laser ultrasonics [14] that can be exploited at high temperatures, the most promising inexpensive method is the use of a buffer waveguide to isolate the sensitive transducer from the hot specimen. Such an implementation allows the use of commercially available standard piezo-crystals as transducers while a cheap and robust buffer waveguide (delay line) ensures that the temperature from the specimen is reduced to acceptable levels.
The buffer waveguide idea has already been pursued by previous researchers, mainly from the field of liquid flow measurement. The main problems to overcome are the dispersive nature of wave propagation in waveguides as well as the transmission of energy into the specimen at the waveguide/specimen junction [15] [16] [17] .
The Waveguide Concept
Fig 10a describes the waveguide concept. A transducer at one end of the waveguide excites an ultrasonic signal that travels along the waveguide, is coupled into the material under test and then a second waveguide is used to pick up the signal from the test piece and conduct the signal back to a receiving transducer. In order for this principle to work there are three different aspects that need to be considered in detail: 1. the temperature distribution along a waveguide coupled to a hot body at constant temperature; 2. the ultrasonic source characteristics of different waveguide geometries on a metal substrate; 3. the ultrasonic wave propagation in the waveguide. Further details are given in [18] [19] [20] . 
Temperature isolation
The main purpose of the waveguide is to isolate the fragile piezoelectric transducer element from the high temperature environment that it cannot withstand. Fig 10b illustrates this by plotting the temperature distribution along waveguides of different cross sections attached to a constant high temperature source (600 0 C) and surrounded by air (k = 1W/m/K) at ambient temperature (25 0 C); the calculations were performed as described by Mills [21] . The figure illustrates that a thin (1mm diameter wire or 1 by 15mm strip), made from poorly heat conducting, stainless steel (k = 15W/m/K) waveguide can sustain a temperature drop of 575 0 C over a distance of 0.2-0.3m under natural convection cooling, while a 20 mm diameter waveguide needs to be substantially longer (~1m) to sustain the same temperature drop.
Wave propagation in a strip
An initial study suggested that anti-plane shear loading along a line on the surface (shear traction in the direction parallel to the line over which the traction is applied) gave the most satisfactory ultrasonic field for the thickness gauging application; this can be achieved with a strip waveguide transmitting an SH type wave.
The main task of the waveguide is the transmission of ultrasonic signals (stress waves) from the transducer to the specimen and back again. In general the signal transmission should be as strong as possible and with as little distortion as possible, i.e. non-dispersive. Anti-plane shear line loading onto the surface of the specimen can be achieved with shear horizontal (SH) wave propagation along a strip waveguide. However, it is important to ensure that a mode similar to the shear horizontal (SH0) mode in an infinite plate can be obtained in the finite width strip waveguide. It was shown [19] that a shear horizontal type guided wave mode that is very similar to the shear horizontal (SH0) mode in finite plates exists in strips of large aspect ratio (width >> thickness) rectangular cross section. The mode was called the SH* mode (the * differentiating it from the SH mode of an infinite plate and reminding the reader that it is a strip mode). Fig 11a shows the phase velocity dispersion curve of the SH* mode in a 1mm thick and 15mm wide steel strip and the corresponding shear stress ( yz ) mode shape of the SH* mode at 2 MHz is shown in Fig 11b. It can be seen that the SH* mode has a cut off at about 120 kHz and asymptotically approaches the bulk shear velocity (c s ) in the high frequency limit. The SH* mode signals travels virtually nondispersively (without distortion) along the waveguide at frequencies above around 1 MHz. The mode shape in Fig 11b illustrates the distribution of shear stresses across the width of the waveguide. Shear stresses are strongest at the centre and decay in a parabolic fashion towards the edges. From Fig 11 it can be seen that the energy of the guided wave mode is concentrated at the centre of the strip with marginal contributions from the edges. Thus the SH* mode is insensitive to disturbances such as clamp attachments to the edge of the strip which has the practical advantage of being able to attach features to the edges of the strip without influencing the signal.
Experimental Tests
In practice it is required to permanently attach the waveguide to the test piece in order to a llow thickness monitoring. It was found [18, 20] that dry coupling the waveguides to the surface via a simple clamp was the most satisfactory method. The clamp only made contact with the waveguide edges, where the wave amplitude is practically zero so it d id not influence the signal. It was found that the signal reflected from the waveguide-testpiece interface was much stronger than the transmitted signal so pulse-echo signals using a single waveguide were dominated by the surface reflection and thickness gauging was difficult. However, very good signals (albeit lower amplitude) were obtained using the pitch-catch arrangement of Fig 10. Fig 12 shows the signal path that the wave travels once transmitted into the plate. The anti-plane shear source emits shear waves equally strongly in all directions so the first arrival is a signal that travelled the direct path between the sending and receiving waveguides via the plate surface. Subsequent arrivals have travelled once or multiple times to the backwall and returned to the receiving strip. The delay between consecutive echoes is proportional to the plate thickness and can be used to calculate it if the shear velocity of the plate material is known. 
Thickness measurements
The waveguide system was clamped to a stepped wedge of different thicknesses (4, 5, 6, 8 and 10mm) in order to verify its thickness measurement capabilities. Time traces recorded by the SH* mode waveguide system clamped to the different steps are displayed in Fig 13a. The first arrival stays constant for all plate thicknesses while the second and later arrivals are delayed in proportion to the thickness of the block. This is expected since the first signal corresponds to the signal travelling from the sending waveguide parallel to the surface of the block to the receiving waveguide. Therefore the first signal is independent of the thickness of the plate. Later arrivals are echoes from the other side of the plate and depend on the plate thickness. Fig 13b shows thicknesses evaluated by the SH* mode measurement plotted against the thicknesses determined by means of a calliper. The two measurements agree to within 0.05mm (average of errors).
Site Experience
The system was tested over extended periods at temperatures of 500 0 C and above, excellent stability being obtained both at constant temperature and under temperature cycling [18, 20] . Subsequent accelerated tests carried out at 700 0 C have shown that operation for more than 5 years at 600 0 C is possible. The system has been commercialised by Permasense Ltd [2] . The final system shown in Fig 14 is wireless so readings can be obtained at regular intervals with no need for site access; it is battery powered, the battery giving 5 years life in normal operation. The attachment to the test pipe is via studs which are welded onto the pipe. Stud mounting allows for dry coupling; this, together with the multi-year battery life eliminates the need for expensive maintenance access. The system has intrinsic safety certification and has been deployed worldwide. 
Conclusions on High Temperature Monitoring
The technology allows frequent, repeatable wall thickness measurements that give plant managers valuable insights into the plant condition. It allows users to understand the causes of corrosion and the impact of feedstock decisions while optimising prevention and mitigation strategies. The system gives users a continuous picture of asset condition over time at a cost comparable to that of a single manual inspection. 
Overall Conclusions
There is an increasing trend from periodic inspection (NDT) to permanently installed health monitoring (SHM). Two commercial SHM systems have been presented to illustrate the possibilities, one providing large area monitoring for isolated corrosion defects and the other accurate point thickness data. The need for signal stability in guided wave area monitoring SHM systems to reduce the incidence of false calls has been discussed and a means of compensating for temperature variations, which is often a critical issue, has been presented. It has been shown that significant improvements in detection sensitivity compared to one-off testing can be obtained with a permanently installed monitoring system, particularly at features.
A system enabling high temperature thickness monitoring has also been presented that provides frequent, repeatable readings via a wireless link. This provides a continuous picture of asset condition at an overall cost comparable to that of infrequent manual inspection.
